Introduction
Rotational rheometers dif fer essentially i n the type of commanded input func tion used, i. e. either stress controlled or strain controlled. Both types of rheometers can operate dynamic mechanically with an oscillating input signal as well as in steady rota tion with a commanded stress or shear rate . Instrument inertia, instrument compliance as well as motor response times, however, assume different degrees of significance depending on the type of rheo meter under consideration and must be taken into account when evaluating rheological material data . For example, Fig. 1 shows a creep test of water carried out on a stress controlled rheometer. The viscosity data are distorted up to 100 s by inertial effects. Fig. 2 shows the temperature dependence of the storage modulus G' of polymethyl-methacrylate (PMMA) and the effect of compliance with parallel plates in the transition zone near 130 o c . The PMMA data were measured on a strain controlled instrument.
System Setup and Examples of Application

1 Strain Controlled Rheometers
In strain controlled rheometers the actuator and torque transducer are separate system components whereas in stress controlled rheometers they com prise one unit. Fig. 3 [1] illustrates the system setup of a strain controlled rheometer. A closed loop actuator enables a strain and shear rate input free of inertia. In general, inertial effects of torque transducers of the FRT-type (Force Rebalance Transducer) can be neglected as the electromagnetic circuit ensures a null-position even in the upper frequency range. On the other hand spring-based torque transducers are prone to significant inertial effects at high frequencies.
1-----------,
If test geometries with a high mass and inertia such as a large couette (typically 0 30/32 mm bob/cup) are attached to a torque transducer additional inertial con tributions may occur in the upper frequency range. This effect, however, can be minimized by a more suit able choice of test geometry, i. e. less mass and iner tia such as a cone and plate.
Compliance effects occur in all strain controlled instru ments most often under conditions of either high fre quencies and high viscosities, and/o r low tempera tures and high moduli. Their influence on the meas ured data is dependent on the relative magnitude of the sample stiffness to the stiffness of the instru ment ' s transducer. The latter is known for every trans ducer and can be used in a software correction of the shear moduli as well as for calculating the largest measurable material modulus for a given test geome try. That is, for example, for a parallel plate geometry with radius r, gap h and transducer stiffness S1 it can be shown that
A typical value of G * ma x for parallel plates of 25 mm diameter and 3 mm gap is approx. 3 MPa. It follows from Eq. (1) that compliance effects in frequency sweeps occur when (2) This is shown in Fig. 4 . Moreover, compliance effects can be minimized by optimizing either the stiffness of the torque transducer or the sample geometry. While the former is usually not feasible the latter can be readily and effectively varied such that halving the plate radius increases the mea surable modulus by up to 1.5 decades. However, as illustrated by the PMMA data in Fig. 2 , the optimum solution for most thermorheological characterizations is a change in geometry from parallel plates to a tor sion bar near the transition temperature Tg .
In stress relaxation experiments all actuators require a finite time to apply the imposed strain. That is, due to physical limitations no instrument actuator can pre cisely carry out a mathematically defined step func tion, Dirac-Delta function, etc. There will always be a characteristic actuator response time of the order of milliseconds. This transient will affect the material's ini tial relaxation behaviour if the strain imposed by the motor rather than the actual strain in the material is used to calculate G(t).
2 Stress Controlled Rheometers
The fact that stress controlled rheometers have an open loop actuator implies inertial effects in all tran sient and oscillatory motions. These have to be taken into account and corrected accordingly. Inertial cor rections are necessary to ensure meaningful rheologi cal material data. Fig. 5 [1] shows the system setup of a stress controlled rheometer.
Inertial effects occur because the applied torque of the actuator has to overcome not only the viscous drag due to the sample but also the inertia of the actu ator, the position sensor and the attached tool (cone/ plate/couette bob) as well as any frictional losses in the air bearing of the actuator. That is, the imposed torque function M(t) consists of
where M1 = actual torque applied to the sample; M; = torque required to overcome all instrument inertia; Mct = torque generated by friction in the air bearing. 
where the characteristic retardation time A of the sys tem is a function of a geometrical constant K, system inertia I and sample viscosity 11 such that
In practice the effect of this retardation time can be clearly seen in any transient motion such as a creep test and stress ramp and can delay proper data col lection by up to 100 s as shown by the creep test of water in Fig. 1 . Only after 100 s does the measured viscosity approach steady state, i. e. 1 m Pa · s. On the other hand the inertia corrected viscosity approaches 1 m Pa · s in less than 10 s. It follows from Eq. (5) that a reduction in tool inertia and plate gap, for instance, reduces the retardation time of the system.
A software inertial correction, however, is always re quired unless the viscosity is sufficiciently high to re duce A to the order of milliseconds. In multistep creep experiments that are often used to determine material flow curves, such as the one for a PVC plastisol in Fig. 6 , inertial data distortion can become particularly severe as the individual inertial errors are accumulated and an inertial correction is virtually mandatory.
Similarly, in a creep-recovery experiment the inertial effect in the recovery zone cannot be neglected and has to be corrected as shown for the DOP plasticizer in Fig. 7 . This correction has to be done on a hard ware level in order to be effective.
Investigating eg. (4) for the case of a stress ramp, i. e. M(t) = c · t, it has been shown by Krieger [4] , that iner tial effects rapidly gain in significance with increasing stress ramp gradients as well as decreasing material viscosities. Apart from making rapid thixotropic trans formations inaccessible false thixotropic material behaviour may be determined as shown in Fig. 8 . In dynamic mechanical analysis a sinusoidal torque M(t) = M sinrot (see Eq. 4) is applied and inertial effects are reflected by a limiting upper frequency as shown by the frequency sweep of water in Fig. 9 . In this case ffi max "' 0.1 Hz. This frequency limit is a func tion of material viscosity 11. system inertia I and test geometry, such as plate gap, K and can be calculated according to
Details of the mathematics of second order differential equations can be found in books such as by Couarraze and Grossiord [5], Kreyszig [6] , and by Spiegel [7] .
The extent of inertia correction becomes apparent in Fig. 1 0 where a PVC plastisol has been subjected to a frequency sweep with and without inertial correction. Notice the strong effect of inertia on the storage mod ulus G'.
For high viscosity materials such as Polydimethyl siloxane (PDMS) inertial effects at high frequencies tend to diminish as shown in Fig. 11 . This is due to the fact that for high viscosity materials significantly more energy is required to deform the sample than to over come inertial and frictional losses. Thus inertial correc tions can often be neglected for high viscosity poly mers, i. e. most thermoplastic melts.
General Comments and Conclusions
The fundamental difference between stress controlled and strain controlled rheometers is that in the former the input signal is torque whereas in the latter it is strain. In both types of rheometers the input signal can be controlled very accurately and the material response measured very accurately. However, for some suspensions and emulsions with relatively small linear-viscoelastic regions the type of rheometer used may play a decisive role in the type of rheological material data obtained. Moreover, if high frequency data for low viscosity materials are required a strain controlled rheometer with an FRT torque transducer would be recommended in order to avoid instrument inertial effects. Frequency sweeps with strain controlled rheometers often require the operator to increase the applied strain as the frequency decreases in order to maintain the measured torque above the transducer limit. Other possibilities are to change the sample geometry or the transducer. However, both methods require the opera tor to interrupt the frequency sweep. On the other hand, stress controlled rheometers allow uninterrupted frequency sweeps down to very low frequencies due to a constant torque input and very large measurable deformations as illustrated in Fig. 11 .
